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ABSTRACT Deficits in membrane repair may con-
tribute to disease progression in dysferlin-deficient
muscular dystrophy. Dysferlin, a type-II transmem-
brane phospholipid-binding protein, is hypothesized to
regulate fusion of repair vesicles with the sarcolemma
to facilitate membrane repair, but the dysferlin-contain-
ing compartments involved in membrane repair and the
mechanism by which these compartments contribute to
resealing are unclear. A dysferlin-pHluorin [dysf-pH-
sensitive green fluorescent protein (pHGFP)] muscle-
specific transgenic mouse was developed to examine
the dynamic behavior and subcellular localization of
dysferlin during membrane repair in adult skeletal
muscle fibers. Live-cell confocal microscopy of unin-
jured adult dysf-pHGFP muscle fibers revealed that
dysferlin is highly enriched in the sarcolemma and
transverse tubules. Laser-wounding induced rapid re-
cruitment of 30 m of local dysferlin-containing
sarcolemma, leading to formation of stable dysferlin
accumulations surrounding lesions, endocytosis of dys-
ferlin, and formation of large cytoplasmic vesicles from
distal regions of the fiber. Disruption of the actin
cytoskeleton decreased recruitment of sarcolemma-
derived dysferlin to lesions in dysf-pHGFP fibers with-
out affecting endocytosis and impaired membrane re-
sealing in wild-type fibers, similar to findings in
dysferlin deficiency (a 2-fold increase in FM1-43 up-
take). Our data support a new mechanism whereby
recruitment of sarcolemma-derived dysferlin creates an
active zone of high lipid-binding activity at wounds to
interact with repair vesicles and facilitate membrane re-
sealing in skeletal muscle.—McDade, J. R., Archambeau,
A., Michele, D. E. Rapid actin-cytoskeleton–dependent
recruitment of plasma membrane–derived dysferlin at
wounds is critical for muscle membrane repair. FASEB J.
28, 3660–3670 (2014). www.fasebj.org
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Dysferlin is a 220 kDa type II transmembrane
protein that is highly expressed in adult skeletal and
cardiac muscles (1). Loss of dysferlin expression leads
to a delayed but progressive muscle disease, presenting
either in the limb girdle (LGMD2B) or in the distal
muscles (Miyoshi myopathy) (2). Although the pathol-
ogy of dysferlin deficiency is well described, the exact
role of the dysferlin within muscle cells is largely
unknown. Dysferlin has been implicated in various
cellular processes, such as muscle cell–cell fusion dur-
ing regeneration (3), muscle growth (4), and cell
adhesion (5, 6). Perhaps the most intensively studied
cellular role for dysferlin is as a critical component in
membrane resealing in skeletal and cardiac muscle cells
(7, 8). Membrane resealing is a critical and evolutionarily
conserved mechanism that enables cells to withstand
transient disruptions of the plasma membrane (9, 10).
Although the exact mechanism by which cells reseal the
plasma membrane may vary depending on cell type, most
cells use recruitment of intracellular vesicles that are
capable of fusing with each other and or the plasma
membrane to repair the membrane lesion (11).
Muscle cells are thought to undergo frequent mem-
brane disruption as a result of mechanical activity.
Particularly when mutations in other important cell
adhesion proteins that cause human muscular dystro-
phies render the sarcolemma susceptible to mechanical
injury, resealing may be critical for cell survival (12).
The proposed role of dysferlin in membrane resealing
is based on the finding that dysferlin-deficient muscle
fibers take up membrane-impermeable FM1-43 dye to a
greater extent than do wild-type (WT) fibers after
laser-induced sarcolemma wounding (7). Furthermore,
dysferlin accumulates at membrane lesions in resealed
skeletal muscle fibers, along with other proteins pro-
posed to be involved in resealing, including MG53 and
annexin-VI (13, 14), and recruitment of additional
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repair proteins may be impaired in dysferlin-deficient
muscle (15). Dysferlin-containing vesicles are hypothe-
sized to play a role in resealing because of the
dramatic accumulation of vesicles under the sarco-
lemma of dysferlin-deficient muscle (7), but the
composition of dysferlin-containing vesicles and the
involvement of those vesicles in resealing has not been
definitively shown in adult skeletal muscle fibers. Mech-
anistic analysis of resealing in nonmuscle cell types
supports a role for the cytoskeleton and exocytosis of
intracellular vesicles in membrane resealing (9, 10, 16),
but whether the cytoskeleton plays a role in dysferlin-
mediated resealing in adult muscle fibers is not known.
Therefore, the goal of our study was to examine the
behavior of dysferlin-containing membranes during
membrane repair and to examine the role of the
cytoskeleton in dysferlin recruitment and membrane
resealing in adult skeletal muscle.
We generated a novel transgenic (TG) mouse ex-
pressing a dysferlin-pHluorin green fluorescent protein
(dysf-pHGFP) fusion protein specifically in muscle
cells, and used this model to study the dynamic behav-
ior and of dysferlin-containing membranes in response
to laser-induced membrane disruption in live adult
skeletal muscle cells in vitro. Our data indicate that
dysferlin is enriched in the sarcolemma and transverse
tubules (t tubules) in resting adult skeletal muscle
fibers, with no detectable dysf-pHGFP in vesicles in
resting fibers. During membrane repair, sarcolemma-
derived dysferlin is rapidly pulled into the lesion, where
it forms a stable dysferlin-rich structure at the sarco-
lemma that may be critical for membrane resealing in
adult skeletal muscle fibers. In addition, wounding in-
duces endocytosis and formation of large dysferlin-con-
taining vesicles that may act as vesicular plugs to repair
membrane lesions. Pharmacological disruption of the
actin cytoskeleton blocks the recruitment of sarcolemma-
derived dysferlin at lesions and impairs membrane reseal-
ing without disrupting dysferlin endocytosis and the
formation of dysferlin-containing intracellular vesicles.
Therefore, our data support a new model showing that
the dysferlin-containing membrane necessary for mem-
brane resealing is actually derived from the sarcolemma
and that rapid, actin-cytoskeleton–dependent recruit-
ment of dysferlin-containing membrane into stable
enrichment at the wound site represents a critical step
in the membrane-resealing process.
MATERIALS AND METHODS
Generation of dysf-pHGFP TG mice
Murine dysferlin isoform 1 with a C-terminal pHGFP (17) tag
was cloned into the PBSII SK vector downstream of the
muscle creatine kinase promoter (18) and then was used to
generate a TG mouse on an inbred C57BL/6J background by
the University of Michigan Transgenic Core (described in
detail below). A C-terminal fragment of murine dysferlin
isoform-1 was subcloned from a pDNOR vector, resulting in a
BstBI–NotI fragment within the PCR 2.1 shuttle vector. The
remaining N-terminal dysferlin sequence was inserted by
using a KpnI–BstBI digest, resulting in full-length dysferlin
within PCR2.1. A fragment containing pHGFP (17) flanked
by 5=-SacII and 3=-NotI was generated by PCR and inserted into
the dysferlin-PCR2.1 plasmid with a SacII–NotI digest. The
resulting dysf-pHGFP fragment was isolated and inserted into
PCDNA 3.1 for mammalian expression. A poly-A sequence
was inserted on the 3= end of the coding sequence by cloning
a pA fragment containing a 5=-EagI site and 3=-SpeI, -KpnI, and
-NotI sites. The pA sequence was inserted into dysf-pHGFP
PCDNA 3.1 with an NotI digest. The full-length MCK pro-
moter (18) was inserted 5= to the dysf-pHGFP-pA PCDNA 3.1
construct with a KpnI–NotI digest. The entire cDNA was
excised and linearized by using an NotI–SpeI digest. Purified
DNA was introduced by pronuclear microinjection into fer-
tilized eggs obtained by mating C57BL/6J mice (19).
Western blot analysis
Skeletal and cardiac muscle KCl-washed microsomes were
isolated from adult WT and dysf-pHGFP TG mice and ana-
lyzed by SDS-PAGE and Western blot analysis (20). The
membranes were blotted for anti-dysferlin (NCL-Hamlet;
Novacastra/Leica, Buffalo Grove, IL, USA) or anti-GFP
(AB13970; Abcam, Cambridge, MA, USA), followed by sec-
ondary HRP-conjugated antibodies (Jackson ImmunoRe-
search, West Grove, PA, USA) and chemiluminescence detec-
tion.
Muscle fiber isolation, imaging, and staining
WT C57BL/6 and dysferlin-deficient A/J mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA). Single
muscle fibers were isolated from adult mouse flexor digito-
rum brevis (FDB) muscles by a published method (21). In
brief, FDB muscles were isolated from anesthetized adult WT,
A/J, or dysf-pHGFP TG mice and incubated in MEM  0.2%
collagenase for 4 h at 37°C with gentle shaking. After incu-
bation, the muscles were switched to MEM  10% fetal
bovine serum (FBS), residual connective tissue was removed
with forceps, and the muscle was triturated by using progres-
sively smaller diameter glass pipettes to liberate single muscle
fibers. The isolated muscle fibers were allowed to adhere for
20 min on glass-bottomed dishes preplated with 10% Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) in MEM  10%
FBS. Live fibers were imaged on an SP8 confocal microscope
(Leica) at 37°C with a 63 oil-immersion objective at 1.5
zoom and 512  512 resolution, with an argon laser set at
excitation 488 nm and detection 498–525 nm (GFP) or
580–620 nm (FM1-43). For live-cell experiments, the cells
were imaged in a physiological saline solution (PSS; pH 7.4)
containing (in mM) 15 HEPES, 145 NaCl, 5.6 KCl, 2.2 CaCl,
0.5 MgCl, and 5.6 dextrose. To quench the pHGFP oriented
toward the extracellular buffer, citrate buffer was used in
place of HEPES with pH adjusted to 5.5 with concentrated
HCl. To alkalinize the intracellular vesicles, NaCl was reduced
to 95 mM, and 50 mM NH4Cl was added to the PSS (22).
Quantification of fluorescence intensity, before and after the
acid wash (or NH4Cl treatment), was performed by quantify-
ing mean fluorescence intensity within the entire visible
region of the muscle fiber and using raw intensity data to
generate the percentage of change. For staining experiments,
the cells were fixed for 15 min in 3% paraformaldehyde and
permeabilized for 1 h in blocking solution containing 5%
BSA and 0.1% Triton-X. The cells were stained with Romeo
anti-dysferlin (Abcam) at a 1:100 dilution for 1.5 h, followed
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by labeling with 1:200 goat-anti-rabbit Cy3 (Jackson Immuno-
Research). For staining experiments, the Cy3 channel was
imaged with a white-light laser at 550 nm excitation and from
560 to 595 nm detection, and all images were collected at
1024  1024 resolution and 2 zoom.
Membrane injury experiments
Membrane injury protocols were performed with methods
similar to those used in previous studies measuring laser-
wounding-induced FM1-43 uptake in adult skeletal muscle
fibers (7). Cells were imaged for 3 frames before wounding
and every 1.5 s for 2–5 min after the membrane damage,
which was elicited by exposing a 2-  2-m ROI at the lateral
membrane to a multiphoton laser at a fixed intensity: 890 nm
for 2 s. Recruitment of dysferlin at membrane lesions was
analyzed by quantifying dF/Fo [which is (Ft Fo)/Fo, where Ft
equals the mean fluorescence at time t, and Fo equals initial
fluorescence] within a 10-  5-m ROI surrounding the
lesion at 10 s intervals after wounding. Quantification of total
cellular pHGFP fluorescence was determined by calculating
dF/Fo within an ROI spanning the entire cell. FM1-43 dye
uptake was quantified by determining the mean dF/Fo after
wounding within a 40-  40-m ROI. For cytochalasin D
experiments, the cells were pretreated with either 0.1%
DMSO or 50 M cytochalasin D for 1.5 h, and cytochalasin D
was included in the imaging solution. In experiments where
high-resolution images of wounded fibers are presented, the
images (resolution, 10241024; line average, 3) were taken
after completion of the wounding protocol.
FRAP experiments
To bleach specific populations of dysf-pHGFP within muscle
fibers, a 30-  5-m ROI at the plasma membrane, or 30- 
10-m ROI within the t tubules, was bleached for 3 frames at
3 separate z planes (1 m, with an argon laser at 488 nm).
Successful photobleaching was confirmed visually, and lack of
photobleach-induced wounding was confirmed with DIC op-
tics. Images were taken before bleaching, after bleaching, and
for 2–5 min after a laser-induced wound delivered in the
geographical center of the prebleached region.
Statistics
All values are presented as means  se. Significance was
determined by Student’s t test and was set at P  0.05.
RESULTS
Generation of dysf-pHGFP TG reporter mice
We generated dysf-pHGFP cDNA encoding murine
dysferlin with a C-terminal pHluorin GFP tag and an
MCK-driven, muscle-specific dysf-pHGFP TG mouse
expressing the dysf-pHGFP transgene in striated muscle
(Fig. 1A). On the basis of the topology of dysferlin as a
type II transmembrane protein, the dysf-pHGFP re-
porter molecule places pH-sensitive GFP on the extra-
Figure 1. Dysferlin-pHGFP TG reporter mouse. A) Dysf-pHGFP transgene uses the MCK-promoter to drive expression of a cDNA
encoding murine dysferlin with a C-terminal pHGFP tag. B) As dysferlin is a type II transmembrane protein, the dysf-pHGFP
reporter places a pH-sensitive pHluorin within the acidic lumen of vesicles or the extracellular face of the sarcolemma or t
tubules in adult muscle cells, depending on the localization of dysferlin, which allows for selective visualization of dysf-pHGFP
on the basis of surrounding pH. C) Dysf-pHGFP localized to the lateral membrane of skeletal muscle fibers in dysf-pHGFP TG
skeletal muscle (right panel), whereas no GFP signal was detected in WT skeletal muscle (left panel). D) Dysf-pHGFP was
detectable by Western blot as an upward-shifted band specifically in dysf-pHGFP TG muscle using hamlet antibody (top panel)
and anti-GFP (bottom panel). E) Quantification of dysferlin overexpression in skeletal muscles of dysf-pHGFP TG mice. Western
blots of WT skeletal muscle microsomes and various dilutions of TG skeletal muscle microsomes with anti-dysferlin antibody
showed that dysferlin expression was increased between 2.5- and 5-fold in TG skeletal muscle. F) H&E-stained gastrocnemius
muscles from 14-wk-old dysf-pHGFP TG mice was comparable to that from WT mice, with no detectable signs of pathology. G)
Skeletal muscle from dysf-pHGFP TG mice did not show an increase in centrally nucleated fibers (2888 fibers from 4 WT animals
and 3058 fibers from 3 dysf-pHGFP TG animals). Scale bars 	 100 m (A), 200 m (C).
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cellular face of the plasma membrane and t tubules or
the lumen of dysferlin-containing vesicles (Fig. 1B).
GFP fluorescence from dysf-pHGFP is visible around
the periphery of skeletal muscle fibers within transverse
sections of dysf-pHGFP TG skeletal muscle (Fig. 1C,
right panel) but not within WT muscle (Fig. 1C, left
panel). The peripheral localization of dysf-pHGFP near
or in the sarcolemma was similar to that reported for
endogenous dysferlin by using antibody labeling in
adult skeletal muscle (7). Western blot analysis for
dysferlin with the NCL-hamlet antibody identified a
prominent band (240 kDa) in WT skeletal muscle
microsomes and an upward-shifted band correspond-
ing to dysf-pHGFP specifically in TG skeletal (Fig. 1D,
top) and cardiac muscle microsomes (Supplemental
Fig. S1A, top). Western blot with an anti-GFP antibody
revealed a strong band at 260 kDa corresponding to
dysf-pHGFP, specifically in TG skeletal (Fig. 1D, bot-
tom) and cardiac microsomes (Supplemental Fig. S1A,
bottom). Interestingly, we identified several low-molec-
ular-mass fragments of dysferlin expressed at lower
levels and detected by both anti-GFP and anti-dysferlin
antibodies in TG microsomes, indicating the presence
of C-terminal dysferlin cleavage products (Supplemen-
tal Fig. S2A). However, a similar pattern of low-molec-
ular-weight dysferlin antibody immunoreactive proteins
was observed in Western blots of WT skeletal muscle
microsomes using the hamlet antibody at longer expo-
sures, suggesting that both endogenous dysferlin and
the dysferlin-pHGFP reporter undergo cleavage (Sup-
plemental Fig. S2B, right panel). Western blot analysis
for dysferlin expression in WT and TG skeletal muscle
microsomes at various dilutions (1:1–1:40) showed that
the MCK dysferlin-pHGFP transgene caused between
2.5- and 5-fold overexpression of dysferlin in skeletal
muscles of the dysf-pHGFP TG mice (Fig. 1E). Dysf-TG
skeletal muscle is morphologically normal according to
a comparative analysis of hematoxylin and eosin (H&E)
staining of gastrocnemius muscles (Fig. 1F), quantifica-
tion of central fiber nucleation (Fig. 1G), and measure-
ments of plasma creatine kinase (not shown) in the
dysf-pHGFP TG and age-matched WT mice, indicating
that the dysf-pHGFP TG mice are free of muscle
pathology into adulthood.
Dysf-pHGFP is enriched in the plasma membrane
and t tubules of adult skeletal muscle fibers and
cardiac myocytes
The exact localization of dysferlin in adult muscle fibers
and the composition of dysferlin-containing membrane
compartments remain elusive. GFP fluorescence in
fixed adult skeletal muscle fibers isolated from dysf-
pHGFP TG mice localized to the lateral sarcolemma
and in a striated internal membrane compartment,
similar to immunofluorescence labeling of endogenous
dysferlin in WT muscle fibers (Fig. 2A, B). In addition,
dysf-pHGFP fluorescence colocalized extensively with
the immunofluorescence signal from total dysferlin
with dysferlin antibodies in isolated adult TG skeletal
muscle fibers (Fig. 2C). Given that pHGFP fluorescence
is quenched at low pH and fluorescence is intense at
high pH (23), our dysf-pHGFP reporter allows for the
selective visualization of GFP signal based on the sur-
rounding pH (model shown in Fig. 1B). Confocal
imaging of live adult dysf-pHGFP TG skeletal muscle
fibers (Fig. 3A) and cardiac myocytes (Supplemental
Fig. S1B, left panels) at pH 7.4 revealed dysf-pHGFP at
the lateral sarcolemma and at the striated internal
membrane compartment. Changing the extracellular
solution from physiological saline at pH 7.4 to physio-
logical saline pH 5.5 led to a significant reduction in
fluorescence from live dysf-pHGFP TG skeletal (Fig. 3B,
C) and cardiac myocytes (Supplemental Fig. S1B),
demonstrating that dysferlin is highly enriched in the
plasma membrane and t tubules in adult muscle cells.
NH4Cl is commonly used to alkalinize all cellular
compartments and reveal pHluorin molecules within
intracellular vesicles with an acidic luminal pH (23).
Surprisingly, treatment with 50 mM NH4Cl did not
reveal additional internal dysf-pHGFP fluorescence in
resting dysf-pHGFP TG skeletal muscle fibers (Fig. 3D,
E) or cardiac myocytes (Supplemental Fig. S1C). These
data indicate that dysferlin is not primarily an intracel-
lular vesicular protein but instead is primarily localized
Figure 2. Dysf-pHGFP is localized at the lateral sarcolemma
and striated internal membranes in adult skeletal muscle
fibers from dysf-pHGFP TG mice, similar to the localization of
endogenous dysferlin in WT mice. A) Antibody labeling of
endogenous dysferlin showed that it localized to the lateral
sarcolemma and a striated internal membrane compartment
in adult skeletal muscle fibers. B) Dysf-pHGFP localization in
TG mouse muscle fibers (middle) was similar to that of
endogenous dysferlin (compare with A). C) Dysf-pHGFP
colocalized with total dysferlin (Romeo antibody detection of
dysf-pHGFPendogenous dysferlin in TG fibers) at the lat-
eral sarcolemma and striated internal compartment in adult
skeletal muscle fibers. Scale bar 	 20 m.
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to the sarcolemma and t tubules in resting adult muscle
fibers.
Adjacent sarcolemma-derived dysferlin is recruited to
membrane lesions after wounding in adult skeletal
muscle fibers
There have been very few studies in which the dynamic
behavior of dysferlin was examined in live adult muscle
cells after wounding, and the dysferlin-containing
membranes involved in membrane repair are not well
defined. To investigate, we imaged adult skeletal mus-
cle fibers isolated from dysf-pHGFP TG mice via
confocal microscopy and analyzed the behavior of
dysf-pHGFP before and after laser-induced plasma
membrane wounding. Before membrane disruption,
dysf-pHGFP localized to the sarcolemma and t tubules
(Fig. 4A, left panel). Analysis of dysf-pHGFP localiza-
tion during repair shows that the fluorescence signal
rapidly increased at membrane lesions and resulted in
a stable dysf-pHGFP-rich structure at the lesion (Fig.
4A, B, red arrows; C), consistent with either recruitment
of sarcolemmal dysf-pHGFP or exposure of new pHGFP
to the extracellular surface as a result of dysferlin-
vesicle fusion with the plasma membrane. Interestingly,
the pHGFP signals from the sarcolemma and t-tubule
components in regions of the fiber considerably distant
from the wound itself, including the sarcolemma on
the side opposite the wound, were quickly quenched
after wounding (Fig. 4B, white arrows; D), indicating
that dysferlin may also be rapidly endocytosed into
acidic compartments after wounding.
Given the rapid increase of dysf-pHGFP fluorescence
at membrane lesions and our data indicating that
dysferlin is restricted to the sarcolemma in resting
fibers (Fig. 3), we tested the hypothesis that the dysfer-
lin-containing membrane recruited to membrane le-
sions is derived from the adjacent sarcolemma in adult
skeletal muscle fibers, rather than from fusion of pre-
existing, dysferlin-containing vesicles at the wound site.
We used photobleaching to investigate the dysf-pHGFP
fluorescence within a 30-m-wide ROI at the plasma
membrane (prebleach, Fig. 4Ea; postbleach, Fig. 4Eb),
and movement of the adjacent GFP-positive dysferlin in
the lateral sarcolemma was tracked after a 2 m wound
was delivered in the center of the prebleached ROI (Fig
4Ec). Adjacent GFP-positive, dysferlin-containing sarco-
lemma was rapidly pulled toward the lesion and con-
stricted the size of the prebleached regions without any
evidence of new dysf-pHGFP appearing at the wound
before lateral accumulation (Fig. 4E and Supplemental
Movie S1). Representative line plots of GFP intensity
spanning the sarcolemmal regions before (Fig. 4F) and
after (Fig. 4G) wounding show that the photobleached
region of the plasma membrane was reduced after
wounding, because of the recruitment of adjacent
GFP-positive sarcolemma. Conversely, dysf-pHGFP still
accumulated at membrane lesions after laser-wounding
in fibers subjected to protocols where the local t-tubule
GFP fluorescence was photobleached before wounding
(Supplemental Fig. S3). This latter result indicates that
the t-tubule-localized dysferlin does not markedly con-
tribute to the accumulation of dysferlin at membrane
wounds.
Membrane damage induces formation of endocytic
dysferlin-containing vesicles in adult skeletal muscle
fibers
Based on the finding that dysf-pHGFP fluorescence is
reduced in regions of the sarcolemma and t tubules
distant from the wound, we proposed that dysferlin is
also endocytosed into acidic membrane compartments
after wounding in adult muscle fibers. To test this
hypothesis, dysf-pHGFP TG muscle fibers were imaged
at rest and for 1 min after wounding in PSS at pH 7.4
and then switched to excess PSS with or without 50 mM
NH4Cl, to reveal any dysf-pHGFP residing in acidic
compartments. Switching wounded cells from PSS to
NH4Cl-free PSS had no effect on cellular fluorescence
(Fig. 5A) and did not reveal vesicle populations in
high-resolution images after wounding (Fig. 5B).
Switching wounded cells from PSS to PSS  50 mM
NH4Cl led to a significant return in cellular fluores-
cence toward baseline (Fig. 5C), which was associated
with the presence of large dysferlin-containing vesicles
Figure 3. Dysferlin is highly enriched in the plasma mem-
brane and t tubules in adult skeletal muscle fibers. A)
Dysf-pHGFP localized to the lateral membrane and internal
membrane structures in live FDB fibers isolated from dysf-
pHGFP TG mice. B, C) Dysf-pHGFP was visible at the lateral
sarcolemma and internal membrane structures at extracellu-
lar pH 7.4 (B, left panel), and pHGFP signal was significantly
reduced after reduction of extracellular pH from 7.4 to 5.5
(C); n 	 3 fibers. D, E) Dysf-pHGFP was visible at the lateral
sarcolemma and internal membrane structures (D, left
panel), and fluorescence intensity was not increased by
NH4Cl treatment (E); n 	 6 fibers. Scale bar 	 10 m.
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throughout the cytoplasm of the wounded fibers in
high-resolution images (Fig. 5D). Rapid wound-in-
duced formation of large dysferlin-containing vesi-
cles is similar to that observed and recently reported
in mechanically wounded dysferlin-GFP-expressing
myotubes (24).
Pharmacological disruption of the actin-cytoskeleton
impairs recruitment of sarcolemma-derived dysferlin
without affecting formation of dysferlin-containing
vesicles
The subcortical actin cytoskeleton plays an important
role in membrane remodeling in many types of
motile and mechanically active cells (25, 26). Given
the rapid formation and stability of dysferlin-rich
structures at nascent membrane lesions in adult
skeletal muscle fibers, we examined whether the
subcortical actin cytoskeleton is essential for recruit-
ment of plasma membrane– derived dysferlin in adult
skeletal muscle fibers. Dysf-pHGFP TG mouse skele-
tal muscle fibers were pretreated for 1.5 h with either
DMSO (Fig. 6A) or DMSO  50 M cytochalasin D
(Fig. 6B) and assayed for recruitment of sarcolemma-
derived dysferlin at laser-induced membrane lesions
after wounding. Treatment with cytochalasin D sig-
nificantly reduced dysferlin recruitment after laser-
induced wounding compared with the DMSO control
(Fig. 6B, C), without markedly affecting damage-in-
duced endocytosis of dysferlin (Fig. 6D). Fibers
wounded in the presence of either DMSO or DMSO 
cytochalasin D were subsequently treated with physi-
ological solution containing 50 mM NH4Cl and ana-
lyzed at high resolution for the presence of dysferlin-
containing vesicles. Intracellular dysferlin-containing
vesicles were visible in wounded DMSO-treated (Fig.
6A=) and wounded cytochalasin D-treated fibers (Fig.
6B=) in the presence of NH4Cl. These findings dem-
onstrate that the recruitment of sarcolemma-derived
dysferlin at membrane lesions requires the actin
cytoskeleton, whereas endocytosis and formation of
large dysferlin-containing vesicles after wounding
occur independent of the actin cytoskeleton.
Disruption of cytoskeletal actin impairs membrane
resealing in adult skeletal muscle fibers
Consistent with previous studies examining the effect of
dysferlin deficiency on membrane resealing in adult skel-
etal muscle (7), dysferlin-deficient muscle fibers from the
A/J mouse strain showed increased uptake of FM1-43
after laser-induced wounding (Fig. 7A, B). To determine
whether cytoskeleton-mediated delivery of sarcolemmal
dysferlin is necessary for efficient membrane repair in
adult skeletal muscle fibers, WT muscle fibers were pre-
treated for 1.5 h with either DMSO or 50 M cytochalasin
Figure 4. Sarcolemma-derived
dysferlin is recruited to mem-
brane lesions after wounding in
adult skeletal muscle fibers. A)
Dysferlin was rapidly recruited
to membrane lesions after laser
wounding in adult skeletal mus-
cle fibers. B–D) Quantification of
dysf-pHGFP fluorescence after
wounding in adult skeletal mus-
cle fibers. Dysf-pHGFP fluores-
cence was increased at mem-
brane lesions (B, red arrowheads;
quantification in C) but was rap-
idly reduced in regions of sarco-
lemma and t tubules not adjacent
to the wound (B, white arrows;
quantification in D). E–G) Dysfer-
lin used in membrane repair de-
rives from the adjacent sarco-
lemma in adult skeletal muscle
fibers. Dysferlin was uniformly
distributed within the sarco-
lemma and t tubules of a resting
fiber (Ea); a 30-m ROI contain-
ing sarcolemma was bleached
(Eb) and wounded (Ec) in the
center, and dysf-pHGFP from the
lateral sarcolemma was pulled to-
ward the wound and constricted
the prebleached ROI (F; post-
bleached, G), indicating that the
lateral sarcolemma serves as a
source of dysferlin during mem-
brane repair.
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D (which was sufficient to impair dysf-pHGFP recruitment
to membrane lesions in dysf-pHGFP skeletal muscle fi-
bers) and assayed for uptake of FM1-43 dye after laser-
induced wounding. Treatment with cytochalasin D re-
sulted in a 2-fold increase in FM1-43 uptake after
wounding in adult skeletal muscle fibers (Fig. 7C), com-
parable to that in response to dysferlin deficiency (Fig.
7B), suggesting that cytoskeleton-dependent recruitment
of sarcolemma-derived dysferlin to wounds is necessary
for resealing in muscle fibers.
DISCUSSION
We generated a novel TG reporter mouse expressing
dysf-pHGFP specifically in mature striated muscle cells,
to examine the dynamic behavior of dysferlin after
sarcolemma wounding and to determine the role of the
cytoskeleton in regulating dysferlin-mediated mem-
brane repair in adult skeletal muscle in vitro. The
dysf-pHGFP reporter molecule is expressed primarily as
a full-length high-molecular-mass protein (260 kDa)
in TG skeletal muscle membranes detected by both
anti-dysferlin and anti-GFP antibodies. The isolation
and identification of dysferlin-containing membrane
compartments with traditional biochemical techniques
has been challenging, and definitive evidence of
whether dysferlin is localized in the sarcolemma or in
subsarcolemmal vesicles is still lacking (7). Our dysf-
pHGFP TG mouse model is ideally suited for examin-
ing dysferlin localization in adult skeletal muscle cells,
given that it facilitates selective visualization of dysferlin
localization and orientation in adult muscle fibers, by
making it possible to experimentally manipulate the
surrounding pH. The observed quenching of the dysf-
pHGFP fluorescence in dysf-pHGFP TG fibers by low-
ering the extracellular pH indicates that the C-terminal
pHGFP is exposed to the extracellular environment at
the sarcolemma and in the t tubules. Furthermore,
exposure of dysf-pHGFP TG fibers to NH4Cl, which is
commonly used to reveal pHluorin reporter proteins
sequestered in acidic intracellular vesicles (22, 23),
does not increase cellular fluorescence. Together,
these results show that dysferlin expression is largely
restricted to the sarcolemma and t tubules in resting
adult muscle fibers and argues against the presence of
an intracellular vesicle pool containing dysferlin in
resting adult skeletal muscle cells, which has been
reported previously in developing myotubes (21, 27–
29). This assertion is further supported by previous
reports and the data presented here, showing that
Figure 5. Membrane damage induces formation of acidic
dysferlin-containing vesicles in adult skeletal muscle fibers.
Fluorescence intensity was quantified before wounding (pre-
lesion), 1 min after wounding (postlesion), and after solution
change to PSS (A) physiological saline or physiological saline 
50 mM NH4Cl (C) to alkalinize all cellular compartments.
Treatment of wounded TG fibers with PSS alone had no
effect on fluorescence intensity (A) and did not reveal
dysferlin-containing vesicles in high-resolution images (B),
whereas treatment of wounded fibers with 50 mM NH4Cl led
to a significant increase in fluorescence intensity toward
baseline (C) and revealed the presence of large intracellular
dysferlin-containing vesicles (D); n	 6 fibers (A); 9 fibers (C).
Scale bar 	 10 m.
Figure 6. Disruption of actin filaments impairs recruitment of
sarcolemma-derived dysferlin without affecting damage-in-
duced endocytosis of dysferlin. TG skeletal muscle fibers were
treated with DMSO  50 M cytochalasin D for 1.5 h and
assayed for dysf-pHGFP fluorescence changes at the lesion
(A) or endocytosis of dysferlin (B), as well as the presence of
vesicles revealed by NH4Cl treatment (A=, B=). Recruitment of
dysferlin-containing membrane was significantly reduced in
cells treated with cytochalasin D (A, C), with no effect on
endocytosis (B, D) Vesicles were detected after treatment with
50 mM NH4Cl in both DMSO-treated (A=) and cytochalasin
D-treated fibers (B=) after wounding. DMSO, n 	 6 fibers;
CytoD, n 	 12 fibers. Scale bar 	 10 m.
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endogenous dysferlin localizes at or near the sarco-
lemma and t tubules by using antibody labeling of
dysferlin in WT skeletal muscle (30–33). In addition to
the predominant high-molecular-mass dysf-pHGFP pro-
tein, we identified several minor low-molecular-mass
proteins in muscle by using C-terminally directed anti-
bodies to dysferlin or GFP, indicating the presence of
C-terminal cleavage products. A similar pattern of
low-molecular-mass fragments of endogenous dysferlin
was detected in WT muscle with a C-terminal dysferlin
antibody. C-terminal fragments of dysferlin containing
only the terminal C2 and transmembrane domains
have been shown to be present and localize at lesions in
wounded human myotubes (34). These findings indi-
cate that, although a minor portion of dysf-pHGFP
detected in TG fibers may be present as low-molecular-
weight C-terminal fragments, the presence of full-
length protein and the C-terminal fragments most
likely represent endogenous dysferlin processing. The
dysf-pHGFP reporter is expressed in skeletal muscle at
levels that are well below those shown to induce toxicity
in muscle (35), and we did not observe any evidence of
skeletal muscle disease in the dysf-pHGFP TG mice.
These findings confirm that the dysf-pHGFP reporter
molecule is expressed in adult striated muscle from
dysf-pHGFP TG mice and behaves similarly to WT
dysferlin in its processing and localization, supporting a
primary functional role for dysferlin in the sarcolemma
and/or in t-tubule membranes.
Dysferlin has been implicated in membrane repair,
in part due to the finding that it is enriched at potential
membrane lesions in fixed adult skeletal muscle fibers
after mechanical wounding (7). Our data extend these
findings by showing with live-cell microscopy that dys-
ferlin recruitment to membrane lesions occurs within
seconds after wounding and results in remarkably sta-
ble structures surrounding the lesion (that last 
20
min after wounding, the longest time points mea-
sured). Although it has been suggested that the dysfer-
lin that accumulates at membrane wounds is derived
from intracellular vesicles (7), our data showing that
dysferlin is enriched in both the plasma membrane and
the t tubules in resting skeletal muscle fibers prompted
us to investigate which populations of dysferlin-contain-
ing membranes contribute to membrane repair in
adult skeletal muscle. Selective bleaching of dysf-
pHGFP at the plasma membrane or t tubules demon-
strated that most of the dysferlin recruited to mem-
brane lesions is derived from the sarcolemma
immediately adjacent to the wound, and argues against
rapid fusion of preexisting quenched intracellular dys-
ferlin-containing vesicles to reseal the plasma mem-
brane in adult skeletal muscle. Our data also show that
pharmacological disruption of the subcortical actin
cytoskeleton impairs recruitment of sarcolemma-de-
rived dysferlin at membrane lesions, consistent with the
hypothesis that the actin cytoskeleton facilitates rapid
recruitment of sarcolemma-derived dysferlin to mem-
brane lesions in adult skeletal muscle fibers. Previous
studies in Xenopus oocytes showed that the actin cyto-
skeleton plays an active role in wound closure by
organizing contractile, actin-containing rings around
lesions to constrict the wound (36). This observation
raises the intriguing possibility that cortical actin facil-
itates membrane repair in adult skeletal muscle by
generating the force needed to cause sarcolemma-
derived repair proteins to coalesce at membrane le-
sions. Although cytochalasin D at similar doses does not
markedly impair the organization of sarcomeric actin
in adult isolated muscle cells (37), we cannot rule out
that cytochalasin D also has effects on sarcomeric actin.
However, the recruitment of nearly 30 m of dysfer-
lin-containing sarcolemma at membrane lesions ap-
pears to far exceed the capacity for local sarcomere
shortening. Membrane resealing was directly examined
to determine whether cytoskeleton-dependent recruit-
ment of dysferlin to membrane lesions is necessary for
efficient membrane repair in adult skeletal muscle
fibers. Increased uptake of membrane-impermeant
FM1-43 dye after laser-induced wounding is commonly
used as an indicator of impaired membrane resealing
in various cell types (7). Under identical treatment
conditions used to inhibit dysferlin recruitment to
lesions, FM1-43 dye uptake was significantly increased
in WT muscle fibers treated with cytochalasin D com-
pared with the DMSO control, and the magnitude of
the deficit in resealing with cytochalasin D treatment
was comparable to that observed in dysferlin-deficient
muscle fibers in the same assay conditions. This finding
indicates that actin-dependent recruitment of sarco-
lemma-derived dysferlin to membrane lesions is critical
Figure 7. Disruption of the actin cytoskeleton increases FM1-43
uptake after membrane wounding in adult WT skeletal muscle
fibers. A) Wounding-induced uptake of FM1-43 dye was
increased in dysferlin-deficient muscle fibers from A/J com-
pared with WT mice. B) Quantification of data from A. WT,
n 	 7 fibers; dysferlin-null, n 	 9 fibers. C) Laser-wounding-
induced uptake of FM1-43 was increased in WT fibers pre-
treated for 1.5 h with 50 M cytochalasin D, compared with
DMSO-treated control fibers. DMSO, n	 8 fibers; CytoD, n	
10 fibers. Scale bar 	 10 m.
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in the functional contribution of dysferlin to mem-
brane resealing in adult skeletal muscle.
Interestingly, although dysf-pHGFP fluorescent sig-
nal was elevated at membrane lesions, the signal from
dysf-pHGFP in the distant t tubules and sarcolemma
was rapidly reduced after wounding, which suggests
that membrane damage also induces endocytosis of
dysferlin into an acidic vesicular compartment. Consis-
tent with this interpretation, increasing intracellular
pH in laser-wounded dysf-pHGFP TG skeletal muscle
fibers by using NH4Cl increased dysf-pHGFP fluores-
cence toward the initial value before wounding and
revealed a population of heterogeneous, large, cyto-
plasmic dysferlin-containing vesicles, which were not
detectable in nonwounded fibers, or wounded fibers in
the absence of NH4Cl. These data support the overall
model that dysferlin resides in the sarcolemma and t
tubules before wounding and is rapidly incorporated
into cytoplasmic vesicles after membrane disruption in
regions of the fiber distant to the wound. Formation of
wound-induced dysferlin vesicles is reminiscent of the
wound-induced vesicle formation described previously
in crayfish giant axons after mechanical wounding
(38), where endocytic vesicles accumulated and co-
alesced to form a vesicular plug to reseal the lesion.
Formation of large, dysferlin-containing vesicles in
adult muscle fibers after laser wounding is also consis-
tent with the formation of large, cytoplasmic, dysferlin-
containing vesicles in dysferlin-eGFP-expressing myo-
tubes after mechanical wounding, which result from
homotypic fusion of dysferlin-containing vesicles and
heterotypic fusion of dysferlin-containing vesicles with
lysosomes (24). It is reasonable to suggest that mem-
brane wounding stimulates endocytosis of dysferlin in
adult muscle fibers, as dysferlin interacts directly with
sarcolemmal proteins that regulate endocytosis, such as
caveolin-3 (29), and caveolin-mediated endocytosis may
be activated in response to wounding in adult muscle
fibers (39). This finding may also explain why dysferlin
is mislocalized to the cytoplasm in a subset of muscle
fibers from patients with Duchenne muscular dystrophy
or the nondysferlin limb-girdle muscular dystrophies,
in which the muscle fibers may be susceptible to
sarcolemma wounding (40). Although our data are
consistent with endocytosis of dysferlin after wounding,
we cannot completely rule out the alternative hypoth-
esis that dysferlin-containing vesicles form due to ve-
sicularization of the t tubules, which has been described
in cardiac myocytes after osmotic shock (41) and is
consistent with the presence of several putative mem-
brane repair proteins within the t tubules (42). Notably,
photobleaching of dysf-pHGFP within the t tubules
adjacent to the wound did not prevent the observed
recruitment of dysf-pHGFP fluorescence to wounds,
supporting our hypothesis that sarcolemma-derived
dysferlin is the primary source of the dysferlin accumu-
lating at membrane wounds. Whether dysferlin-con-
taining vesicles formed by endocytosis after wounding
contribute directly to membrane repair in skeletal
muscle is not clear at present. Our findings that cy-
tochalasin D impairs membrane resealing (as measured
by FM1-43 uptake) similar to dysferlin deficiency, with-
out markedly affecting dysferlin endocytosis, suggests
that the cytoskeletal recruitment of dysferlin-contain-
ing sarcolemma to wounds is a critical primary step in
membrane resealing, and endocytosis of dysferlin may
play a secondary role in the resealing process.
Although the use of the dysf-pHGFP reporter does
not provide a direct examination of the role of dysferlin
in resealing sarcolemmal lesions, independent bio-
chemical studies indicate that dysferlin is capable of
calcium-dependent lipid binding (43–45). The current
findings support the intriguing possibility that wound-
induced recruitment of sarcolemma-derived dysferlin
concentrates the lipid-binding function of dysferlin
specifically at the wound, thereby creating an active
zone of high-calcium-dependent phospholipid-binding
activity, to facilitate binding or fusion of intracellular
vesicles (dysferlin-containing or otherwise) and reseal
the sarcolemma after membrane injury in adult muscle
cells. In summary, with the use of live-cell imaging to
directly study dysferlin dynamics in adult muscle fibers,
the findings in this study support a new model that
shows that recruitment of sarcolemma-derived dysferlin
to membrane lesions is essential for membrane repair.
The dysf-pHGFP reporter mouse described here will
also be a valuable tool for directly visualizing sarco-
lemma damage in real time, for examining the local-
ization and activation of the muscle membrane repair
pathway in other physiological models of muscle injury
and muscular dystrophy, and for furthering under-
standing of the important role of membrane repair in
these disorders.
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